The purpose of this study was to evaluate the accuracy of a two-dimensional ͑2D͒ to threedimensional ͑3D͒ image-fusion-guided target localization system and a mask based stereotactic system for fractionated stereotactic radiotherapy ͑FSRT͒ of cranial lesions. A commercial x-ray image guidance system originally developed for extracranial radiosurgery was used for FSRT of cranial lesions. The localization accuracy was quantitatively evaluated with an anthropomorphic head phantom implanted with eight small radiopaque markers ͑BBs͒ in different locations. The accuracy and its clinical reliability were also qualitatively evaluated for a total of 127 fractions in 12 patients with both kV x-ray images and MV portal films. The image-guided system was then used as a standard to evaluate the overall uncertainty and reproducibility of the head mask based stereotactic system in these patients. The phantom study demonstrated that the maximal random error of the image-guided target localization was ±0.6 mm in each direction in terms of the 95% confidence interval ͑CI͒. The systematic error varied with measurement methods. It was approximately 0.4 mm, mainly in the longitudinal direction, for the kV x-ray method. There was a 0.5 mm systematic difference, primarily in the lateral direction, between the kV x-ray and the MV portal methods. The patient study suggested that the accuracy of the image-guided system in patients was comparable to that in the phantom. The overall uncertainty of the mask system was ±4 mm, and the reproducibility was ±2.9 mm in terms of 95% CI. The study demonstrated that the image guidance system provides accurate and precise target positioning.
I. INTRODUCTION
Fractionated stereotactic radiotherapy ͑FSRT͒ has radiobiologic benefits over single-fraction stereotactic radiosurgery ͑SRS͒ for a variety of intracranial applications, especially for large lesions and lesions located in eloquent regions of the brain.
1-3 For both FSRT and SRS, effective immobilization and localization of the target are crucial. Usually invasive stereotactic frame systems such as the Brown-Robert-Wells frame are used for single-fraction SRS. In such systems, invasive screws are fixed onto the patient's skull for immobilization and fiducial bars on the position frame are used to localize the target. Submillimeter accuracy is usually achieved. However, such systems are not suitable for FSRT. Consequently, different immobilization and localization methods have been developed for FSRT applications. They can be categorized into the following groups: ͑1͒ Relocatable invasive systems such as the ATLON system; 4 ͑2͒ relocatable noninvasive frame systems based on fixation of maxillary/ external auditory canals; 5-8 ͑3͒ thermal plastic or vacuum formed mask fixation; 9,10 ͑4͒ external image or sensor guided optical localization systems, 11, 12 and ͑5͒ internal bony anatomy or implanted marker based x-ray image guided localization systems. 13, 14 The thermal plastic mask based head immobilization system has gained wide acceptance due to its easy use, relative comfort for patients, and acceptable localization accuracy and reproducibility. The Novalis Shaped Beam Radiosurgery unit employs the thermal plastic mask based stereotactic localization system for the intracranial FSRT application.
However, a recent study showed that the localization accuracy and reproducibility of this system was not ideal, with a maximal deviation up to 7 mm in a single direction. 15 The accuracy reported by this study was considerably poorer than the results reported by other researchers. [16] [17] [18] Nevertheless, this limited accuracy is understandable considering the following intrinsic properties of the thermal plastic mask: ͑1͒ the thermal plastic mask shrinks slightly after cooling down; consequently, 1-4 mm spacers are often added to fit the patient comfortably into the mask during treatment. ͑2͒ The material is slightly elastic so that patients could move their heads slightly within the mask, especially in the longitudinal ͑superior/inferior͒ and rotational directions. ͑3͒ Many steps in the localization procedure require extensive technical attention. The Novalis Shaped Beam Radiosurgery unit also uses an x-ray image-guided system in target localization for extracranial radiosurgery. The initial version of the image guidance system used a three-degrees ͑3D͒ of freedom fusion technique, referred to as "3D fusion," which automatically fuses two two-dimensional ͑2D͒ localization x-ray images with two corresponding digital reconstructed radiographs ͑DRRs͒ with fixed angles. The accuracy of such an image guidance system was limited due to potential rotational errors in patient setup. Recently, a six-degrees ͑6D͒ of freedom fusion technique, referred to as "6D fusion," was developed to improve the localization accuracy. Unlike the "3D fusion" technique, it fuses the 2D localization x-ray images directly with the three-dimensional ͑3D͒ computed tomography ͑CT͒ simulation images in six degrees of freedom. Specifically, the software compares the two x-ray images with corresponding DRRs calculated from the CT images with various rotational and translational shifts and finds the pair of DRRs with maximal similarity to the x-ray images to be the best match. A phantom study demonstrated that the "6D fusion" method improved the localization accuracy compared with 3D fusion when rotational deviation existed. 19 The "6D fusion" is formally known as the 2D/3D image registration technique, while the "3D fusion" is rather a 2D/2D image registration technique. We have developed a clinical procedure to integrate this "6D fusion" technique into the mask based stereotactic system for intracranial FSRT applications. This article describes the details of this procedure and evaluates its localization accuracy and reliability. In addition, as a byproduct, the "6D fusion" technique is also used as a standard to systematically evaluate the positioning accuracy and reproducibility of the thermal plastic mask based stereotactic localization system.
II. MATERIAL AND METHODS

A. 2D/3D image fusion guided procedure for intracranial FSRT
Unlike the image-guided procedure for extracranial radiosurgery, which utilizes the infrared based ExacTrac body marker system to initially setup patients, this procedure uses the thermal plastic head mask based stereotactic localization system ͑a templated localization box͒ and room lasers for initial patient setup. The image-guided system is employed to further improve the localization accuracy. At the same time, it also provides a measure to evaluate the accuracy of the mask system. This section describes the details of the mask and the image guided systems, and the patient procedure that requires an integration of the two systems.
Mask based stereotactic localization system
The head mask consists of three main components: a rear mask to conform to the posterior contour of the patient's head, a middle mask with two strong strips to fix the maxillary region and the forehead, and a large top mask to conform to the patient's facial contour. In addition, a firm fit mold is added over the nasal bridge to minimize head rotation, as well as a dental support strip to prevent longitudinal movement. All three mask pieces are jointly attached to a U-shaped frame with clips. Spacer bars with 1-4 mm thickness can be added to adjust the pressure in case the mask shrinks, or the patient head size changes due to facial swelling ͑for example, after taking steroids͒, or due to weight loss. A CT stereotactic localization box is attached to the U-shaped frame during CT simulation. Three sets of fiducial bars in the localization box are reconstructed in the treatment planning system ͑BrainScan 3.5, Brainlab AG, Heimstetten, Germany͒ from the CT images. The target position relative to the localization box coordinates is then established. After the planning process is completed, the isocenter position ͑de-picted as a fine cross͒ is printed onto the Target Positioner sheets. The template sheets are then attached to the corresponding faces of the Target Positioner Box according to redundant matching marks. During patient setup, the Positioner Box is attached to the U-shaped frame and the patient is set up with room lasers aligned with the isocenter crosses at the Positioner sheets.
X-ray image-guided localization system
The x-ray image-guided system, namely, the ExacTrac/ Novalis Body system ͑Version 3.5, BrainLab, AG, Heimstetten, Germany͒ was initially developed for extracranial radiosurgery applications. It is an integration of an infrared ExacTrac component and an x-ray imaging component. The ExacTrac component consists of two infrared cameras mounted on the ceiling of the treatment room, monitoring patient position according to infrared reflective markers placed on the patient's skin. The infrared cameras can identify each marker's position with a precision better than 0.3 mm. 20 The x-ray imaging component consists of two floormounted kV x-ray tubes, projecting obliquely from lateral to medial, posterior to anterior and superior to inferior onto two corresponding flat panel detectors suspended from the ceiling, with the patient in the supine position with head toward the gantry. The centerlines from the two tubes form a 62°a ngle at the linac isocenter. The oblique plane defined by the two centerlines has an approximately 53°angle to the horizontal plane as shown in Fig. 1 . Two x-ray images are acquired after the patient's initial setup. The ExacTrac/Novalis software then registers these two images with the patient's 3D CT simulation images. The software provides manual matching, "3D fusion," "6D fusion" and "implanted marker matching" options for registration of the images. After image registration, the software provides three translational deviations for correcting the setup position. Three rotational deviations are also provided for 6D fusion. Then, the patient position is precisely adjusted by automatically or manually translating the couch guided by the integrated ExacTrac system.
Patient procedure
The patient was immobilized with the BrainLab mask system and CT scanned with the stereotactic localization box attached. The isocenter was defined. The CT images and the isocenter were imported to the BrainScan treatment planning system. The treatment planning procedure was exactly the same as the standard procedure for the mask based stereotactic localization method, except the plan geometry and CT images were exported to the ExacTrac/Novalis system control computer at the treatment console. The patient was initially set up with the stereotactic positioner box for each fraction. At this point, a reference star with four infrared reflective markers was attached to the treatment couch. The ExacTrac system read the initial patient position and continuously monitored the position through the reference star. Two localization images were then acquired. The auto "6D fusion" was performed and the matching of the bony structures between the DRRs and the images was reviewed. The patient's position was readjusted by couch translations, guided by the ExacTrac system, according to the fusion results. The image-guided system was also used as a quick quality assurance ͑QA͒ check tool. If the "6D fusion" suggested an unusual deviation ͑for example, the deviation was larger than 5 mm or three degrees͒, extra care would be taken to check the setup and mask immobilization of the patient. Anterior to Posterior ͑AP͒ and lateral MV portal films were also taken for the first fraction and after every 5-6 fractions. It should be pointed out that in this study, only the three translational dimensions were adjustable ͑a 6D adjustable table will be installed in the future͒. The readjustment moved the patient to the correct isocenter position, but did not correct the rotational deviations. It should also be pointed out that if the isocenter was in the inferior portion of the cranium, the mandible in the image would be excluded during the "6D fusion."
B. Evaluation of the "6D-fusion" image-guided system
The human skull is a rigid structure that can be well represented by an anthropomorphic head phantom. A quantitative evaluation of the image guidance system was conducted in such a phantom, while qualitative clinical reliability evaluation of the system was performed in patients.
Phantom study
Two tests were conducted for the phantom study. The first test was to statistically evaluate the localization accuracy of the image guided system with the isocenter at various locations of the skull. An anthropomorphic head phantom was implanted with eight 2-mm-diam metal spheres ͑BBs͒ at different locations ͑corresponding to right and left frontal lobes, right and left temporal lobes, right and left parietal lobes, occipital lobe and cerebellum͒ and attached with five infrared markers on the surface. CT images with 3 mm slice thickness were acquired and loaded into the Brainscan treatment planning system. An isocenter point was placed at the center of a BB, and the isocenter plan along with the CT images was sent to the ExacTrac/Novalis control computer. The phantom was first set up according to the external infrared markers. Then a random shift, which has both translational and rotational components, was induced to simulate possible patient setup errors using the mask system. The external markers were then removed, the reference star was attached to the couch, and the patient image guided localization procedure was followed. The image areas with implanted BBs were excluded for the "6D fusion." After position readjustment, a pair of verification kV x-ray images were taken. Figures 2͑a͒ and 2͑b͒ show the two x-ray images. A cross representing the isocenter of the x-ray imaging system was overlapped with the BB of the planned isocenter. The accuracy of the localization for this isocenter was determined by evaluating the distance of the BB's center to the cross center. Similarly, AP and lateral MV portal images were taken, and the accuracy of the localization of the planned isocenter to the linac's isocenter was determined by the distance of the BB's center to the linac's isocenter, as shown in Fig. 3 . The linac's isocenter was defined by the two diagonals of the 9.8 cmϫ 9.8 cm square field. This process was repeated for each BB to obtain the statistical result. A correlation between the isocenters of the x-ray system and the linac system could also be established from the test.
The second test was to evaluate the localization accuracy of the system with various initial setup errors in the same isocenter. The phantom was setup with translation deviations ranging from −3 to 3 cm and rotational deviations ranging from −4 degrees to 4 degrees in a single direction or multiple directions. The 6D fusion image guided localization procedure was followed after each initial setup. Similarly, the isocenter BB's position in the kV verification x-ray images after localization was used to determine the accuracy in translational directions. The "6D fusion" of the verification images was also performed and the difference of the rotational deviations from the localization images and the verification images was used to evaluate the capability of determining the rotational errors for the "6D fusion." This test was repeated for two different BBs on different days.
Because the two x-ray projections are not in orthogonal directions to each other, nor in the horizontal plane, the measured deviation components in the x-ray imaging coordinate system ͑as shown in Fig. 1͒ would be different from that in the patient coordinate system. A transformation of the deviation components in the x-ray imaging system into the patient coordinate system ͑x , y , z͒ is given as follows:
y 2 = a 1 sin − a 2 cos cos 2 , ͑1b͒
where a 1 , b 1 and a 2 , b 2 are the isocenter deviations in two coordinate directions in image 1 image 2, respectively; x 2 , y 2 , z 2 are the isocenter deviations in the Cartesian coordinate system X 2 Y 2 Z 2 , which has its origin at the isocenter of the x-ray system, Z 2 axis being perpendicular to the plane A 1 B 1 A 2 B 2 , and the middle line of the angle B 1 OB 2 also equally dividing the right angle formed by X 2 , Y 2 axis. In our system, ␣ = 62°, = ͑90− ␣͒ / 2 = 14°, ␤ = 53°, ␥ = 35°.
Patient study
We evaluated the accuracy and reliability of the imageguided system in 12 consecutive patients with cranial lesions who underwent the image-guided FSRT procedure from January 2005 to July 2005. The study was approved by the Institutional Research Board. The number of fractions of treatment varied from 5 to 30 for each patient with a total of 127 fractions. Anatomic matches between DRRs and the kV x-ray images for each fraction, and between DRRs and the AP/lateral MV portal images for each patient were used for qualitative evaluation. Figures 4͑a͒-4͑d͒ show an example of an x-ray image and the corresponding DRR, and the "spy glass" evaluation of their anatomic matches before and after 6D fusion. There was a significant mismatch between the x-ray image and the DRR before the "6D fusion" for this patient, as shown by the spy glass in Fig. 4͑c͒ . No such mismatch was observed after the fusion, as shown in 4 . Evaluation of the patient positioning accuracy by comparing the bony structure in the x-ray image with that in the corresponding DRR using the spy glass. ͑a͒ x-ray image, ͑b͒ corresponding DRR, ͑c͒ spy glass check of matching before 6D fusion, ͑d͒ spy glass check of matching after 6D fusion. The arrows in figures ͑c͒ and ͑d͒ show the difference of anatomic matching before and after fusion.
image was taken with 9.8 cmϫ 9.8 cm collimator opening ͑maximal opening in our system͒. The following specific parameters were considered in the qualitative evaluation: ͑1͒ the number of prominent anatomic landmarks in the images, ͑2͒ the maximal estimated anatomic mismatch between the DRRs and the images in any direction, and ͑3͒ the comparability of the anatomic matches to those in the phantom study.
C. Using "6D fusion" as a gold standard
Evaluation of the mask based stereotactic system
The "6D fusion" is an ideal tool to evaluate the accuracy of the mask based stereotactic system and other localization systems. The translational and rotational setup errors of the mask system at each fraction could be determined by the "6D fusion" results in the image guided localization procedure after a patient was set up with the mask system. The overall localization accuracy of the mask system was obtained by statistically analyzing these setup errors for all 127 fractions. In addition, the reproducibility of the mask system, which represents the variation between different fractions for a given patient, was also analyzed for all images from 127 fractions. The quantity "reproducibility" at a particular fraction of a patient was defined as the setup error subtracting the mean setup error for that patient.
Evaluation of the "3D fusion" method
The "6D fusion" was also used as a gold standard to evaluate the accuracy of the "3D fusion" image guided method, which had been used for target localization for extracranial radiosurgery before the "6D fusion" was developed. For all kV images taken in 127 fractions, both "3D fusion" and "6D fusion" were performed. The accuracy of 3D fusion was determined as the difference of the fusion results between the two methods. This translational difference was also compared with the rotational errors detected by the 6D fusion for each fraction.
D. Statistic analysis
In this study, the position accuracy of a localization method was evaluated by another method as a gold standard with multiple measurements in various conditions. The mean ͑Ū ͒ and the standard deviation ͑͒ of the measurements were calculated and the result was expressed as Ū ± . The mean of a set of the measurements represents a systematic error of the method to be evaluated, or a systematic difference between the two methods if the gold standard had a systematic error itself. The reliability of the measured systematic error ͑i.e., the mean͒ can be represented by the standard error of mean ͑SEM͒, which is expressed as SEM = / ͱ N, where N is the number of measurements. The standard deviation is a measure of random error, or the variation of the method. The 95% confidence interval ͑CI͒ was also used to represent the variation ͑random error͒ and the reliability of the systematic error ͑standard error of mean͒. If a localization method has a measured accuracy of Ū ± , then there is 95% confidence that the random position error falls in the range of ͓Ū −2, Ū +2͔, and 95% confidence that there is a systematic error falling in the range of ͓Ū −2 / ͱ N,Ū +2 / ͱ N͔. Table I shows the statistical results of the localization accuracy for eight different isocenters determined by both kV x-ray images and MV portal images in X, Y, and Z directions in the patient coordinate system. The magnitude of the 3D vector displacement difference is also included. The difference between the two methods is calculated to determine the systematic difference between the isocenters of the kV x-ray and the linac systems. The results can be summarized as following: ͑1͒ The random error, which mainly represents the variations of the "6D-fusion" software to correctly register various images, and the ExacTrac system to correctly adjust the position, was less than 0.6 mm in terms of 95% CI in each direction. ͑2͒ There was a small but detectable system- ͑3͒ There was also a systematic difference between the kV x-ray imaging and the MV portal imaging methods, mainly in the lateral ͑X͒ direction, with a 95% CI of 0.49± 0.05 mm. Table II gives the results of the localization accuracy and angular variation for various initial setup positions for two different isocenters measured with the phantom on two different days, respectively. The results showed: ͑1͒ The systematic and random errors in the X and Z directions were remarkably smaller than that in the Y ͑longitudinal͒ direction for both isocenters. This indicates that the 3 mm slice thickness of the CT images influences the accuracy of the 2D/3D auto fusion in the longitudinal direction. ͑2͒ Overall, the systematic and random errors for two isocenters measured on two different days were consistent with each other, and also comparable to that obtained from various planning isocenter locations, as shown in Table I . ͑3͒ The angular variation was small, demonstrating that the translational shifts would not significantly change the rotational setting. Table III shows the summary of the results for the parameters used for the evaluations in patients. Bony structures that were clearly visualized on both the x-ray images and the DRRs were considered as anatomic landmarks. The mandible, which appeared sometimes in the images when the isocenter was in the inferior portion of the cranium and could have relative motion with the skull, was not considered as a reliable anatomic landmark. The number of anatomic landmarks was determined by the image with fewer landmarks in a pair of images for a fraction. The patient study showed: ͑1͒ Abundant anatomic landmarks were available for the kV images to evaluate the matches, mainly due to the oblique projection of the x rays to take the images. ͑2͒ The kV images and the corresponding DRRs showed excellent anatomic matches in all 127 fractions. These matches were comparable to that in the cases of the phantom study. ͑3͒ The MV portal images and corresponding DRRs also showed reasonable anatomic matches. Although the mismatches were larger than that in the kV images, they were comparable or better compared to the corresponding mismatches between the MV portal images and DRRs in the phantom study. These results demonstrate that the "6D fusion" based image guided localization for patient setup is clinically reliable, and has similar localization accuracy to the phantom study.
III. RESULTS
A. Evaluation of the "6D fusion" system
Phantom results
Patient data
B. "6D fusion" to evaluate other methods
Evaluation of the mask based stereotactic system
Figures 6͑a͒ and 6͑b͒ show the plots of each measured position setup errors of the mask based localization system in the lateral versus longitudinal directions, and in the AP versus longitudinal directions for the 12 patients. The statistical summary of these position variations in three translational directions, as well as in three rotational directions, for each patient and for all patients overall, are listed in Table IV . In addition, the summary of the overall reproducibility, which was defined as the setup error subtracting the mean setup error of a patient, is also shown in Table IV .
The overall systematic errors in the lateral ͑X͒ and longitudinal ͑Y͒ directions were X = −0.37 mm, Y = −0.29 mm, respectively. These errors were negligible compared to the large random variations. However, a 0.93 mm systematic error in AP direction was noted. This systematic error was significant and true, considering that the standard error of mean ͑SEM͒ = ± 0.09 mm. This could be due to mask shrinkage or poor fitting of the posterior mask that resulted in systematically higher AP setup positions. Indeed, for several TABLE II. Statistical results of the target localization accuracy and rotational variation of the "6D fusion" image guided system for various initial setup positions in two planning isocenters in an anthropomorphic phantom. The axis X, Y and Z represent the lateral, longitudinal and PA directions. The angles ␣, ␤ and ␥ represent the rotational angles around the X, Y, and Z axis.
Translational deviations ͑mm͒
Rotational deviations ͑degree͒ of these patients, 1-4 mm spacers had to be added to fit the patient comfortably into the mask. All these patients showed relatively larger mean AP deviations. The overall random variations were ±1.0 mm in AP and lateral directions, and ±1.5 mm in longitudinal direction in terms of standard deviation, or ±2.0 and ±3.0 mm in terms of 95% confident intervals. The overall variation for the 3D vector was 2.10± 0.97 mm in terms of the standard deviation. The overall reproducibility was ±0.48, ±0.84, and ±1.12 mm in terms of the standard deviation in the AP, lateral and longitudinal directions, respectively. These were considerably smaller than the corresponding overall random variations, especially in the AP direction. This was understandable because the reproducibility did not account for the mask-to-mask or patient-to-patient variation. The day-to-day AP variation for a patient in the same mask is typically very small due to the nature of mask immobilization.
Evaluation of the "3D fusion" method
The overall position difference between the "3D fusion" and "6D fusion" was 0.09± 0.87, 0.51± 0.87, and −0.19± 0.88 mm in terms of mean and standard deviations in the AP, lateral and longitudinal directions, respectively. The variations in the three orthogonal directions were almost the FIG. 6 . Positioning differences between the mask system and the 6D fusion method for the total of 127 fractions in 12 patients. ͑a͒ Differences in lateral vs longitudinal directions, ͑b͒ differences in AP vs longitudinal directions. TABLE IV. The position variations of the mask system in three translational directions and three rotational directions for each patient, and overall uncertainty and reproducibility for all patients measured by the 6D fusion method. The reproducibility was defined as the setup error subtracting the mean setup error of a patient.
Patients
Image sets The patient had a spacer added to the mask during target localization and treatment. same. Figure 7 shows these differences in the 3D vector versus the total rotational angle for the 127 fractions. The total rotational angle was calculated as the square root of the sum of the square for each rotational angle. The difference between the 3D and 6D fusion methods was less than 2.5 mm for 119/127 ͑94%͒ fractions. However, there were four fractions for which the difference was larger than 3.0 mm. The fractions with such large differences tended to also have relatively large total rotational angles, suggesting a relationship with the total rotational angle.
IV. DISCUSSION
We have developed a clinical procedure using the 2D/3D image fusion guided target localization system for fractionated cranial stereotactic radiotherapy. The phantom study ͑Table I͒ demonstrated that the maximal random error of using this image guided system for target localization was ±0.6 mm in terms of the 95% CI in any individual coordinate direction. A small systematic error was also detected, and varied slightly with the methods of kV x-ray or MV portal images. The systematic error for kV x-ray method was approximately 0.4 mm, primarily in the longitudinal direction, possibly due to the uncertainty of determining the BB's center in the CT images with 3 mm slice thickness. A 0.5 mm systematic difference between the isocenters of the kV x-ray and the linac system, mainly in the lateral direction, was also detected. Two factors contributed to this systematic difference: ͑1͒ The uncertainty of calibrating the x-ray system isocenter to the linac isocenter defined by the room laser system with laser linewidth of about 1 mm. ͑2͒ The difference of the linac isocenter defined by the room laser system and the linac isocenter defined by the AP and right lateral portal films. It should be pointed out that the measured random and systematic errors represent the accuracy and the precision of positioning the patient isocenter point to an ideal linac isocenter defined by the room Laser system. In actual treatments, the overall treatment related positioning error should also include the linac isocenter position variation due to gantry and couch rotations.
Although the Novalis system uses an oblique x-ray configuration, the phantom study results demonstrated that the sophisticated "6D fusion" software was able to accurately register two x-ray images of the rigid phantom with its CT simulation images. However, an accurate image fusion software alone was not enough to guarantee an accurate imageguided localization system. The infrared based ExacTrac system also contributed to the accurate target localization. The treatment couch position readout usually had a resolution of 1 mm and an uncertainty of about 2 mm. In addition, the three couch motion directions might not always be consistent with the three Cartesian coordinator directions defined in the image fusion software, especially due to couch sagging. With the help of a reference star attached to the table, the control of the couch position can be transferred to the ExacTrac system, and the couch position can be adjusted to the correct isocenter position with a high degree of accuracy. The human head is a relatively rigid object with rich bony structures. A cooperative patient usually does not move his head during treatment when he is immobilized by the head mask. Therefore, the image guided system should theoretically achieve similar localization accuracy in patients as in the phantom, because the accuracy of image fusion is mainly determined by the extension of image deformation between two image sets to be fused together. Evaluation of the anatomic matches between the kV x-ray images and DRRs, and between MV portal images and DRRs showed that the localization accuracy in patients was comparable to the phantom study. The "6D fusion" has also been used to evaluate the overall position accuracy and reproducibility of the head mask system. The results could be used to test the accuracy of both the object ͑the head mask system͒ and the evaluation method ͑image fusion͒. The measured variation should be the combination of the true variation of the object and the uncertainty of the measurement method. Our results showed that the measured reproducibility of the mask in the AP direction was ±0.48 mm in terms of standard deviation, which corresponds to ±0.96 mm in terms of 95% CI. This demonstrated that the "6D fusion," as a measurement method, had an accuracy better than ±0.96 mm in 95% CI in the AP direction for patients. This is another perspective to partially support that accurate image fusions were achieved in these patients.
The thermal plastic mask has been widely used for immobilization of cranial patients in radiotherapy. Many studies have been published to evaluate the position uncertainty for this immobilization method. [16] [17] [18] However, the results vary largely, mainly because there was no suitable evaluation method available, and different numbers of patients/image sets were used for evaluation. The "6D fusion" provides an ideal tool to evaluate the position uncertainty for the mask immobilization system. It provides both accurate translational and rotational errors. In this study, by evaluating a number of patients with multiple fractions, we were also able to distinguish the overall uncertainty from the reproducibility of the mask system. Table V compares the position uncertainty of the mask immobilization system reported by some of the studies in the literature, [16] [17] [18] along with the results of this study. In addition, the position uncertainties of some other localization methods for FSRT are also listed in this table for comparison. 4, 21 The 95% CI for the position uncertainty for the mask system was 3.0, 4.0, and 5.0 mm by Karger et al., 19 Hamilton et al., 20 and Willner et al., 18 respectively, compared to the 4.0 mm overall uncertainty, and 2.9 mm reproducibility in this study.
The 6D fusion method also measured the rotational deviation for each patient initially set up with the mask system. The measured rotational angles with the AP axis, longitudinal axis and lateral axis were −0.1± 0.9, 0.6± 0.9 and 0.4± 1.0 degrees, respectively. This was consistent with the results reported by Hamilton et al., 20 which were ±0.9, ±0.9 and ±0.8 degrees, respectively. This indicates that the 95% CI of the rotational deviation was about 1.8°in each direction. As mentioned, the "6D fusion" image guided localization system did not correct the rotational errors at this time. This 1.8°angular deviation would have a minimal effect on target coverage for small target volumes. We estimated that a 2°angular deviation would induce a positional deviation of about 1 mm at the block edge 3 cm away from the isocenter. However, for large targets with rotational deviations larger than 2°, the positional deviation induced at the block edge would be significant. A 6D adjustable treatment table that corrects for the rotational errors will been installed in our system in the near future to minimize such rotational deviation induced errors. A rotational deviation could also induce considerable errors for the simple "3D fusion" to adjust the isocenter position, as demonstrated in Fig. 6 , and for position evaluations using portal films, because the prominent bony structures used for fusion or evaluation could be far away from the isocenter.
V. CONCLUSION
The phantom and patient studies demonstrated that the 2D/3D image fusion guided localization system is an accurate and reliable target localization method for FSRT of cranial lesions. The 2D/3D fusion is also an ideal tool to evaluate the localization accuracy of the mask based stereotactic system. Using 2D/3D image fusion greatly improves the position accuracy compared to the mask based localization system.
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